Selective transport of pyruvate across the inner mitochondrial membrane by the mitochondrial pyruvate carrier (MPC) is a fundamental step that couples cytosolic and mitochondrial metabolism. The recent molecular identification of the MPC complex has revealed two interacting subunits, MPC1 and MPC2. Although in yeast, an additional subunit, MPC3, can functionally replace MPC2, no alternative MPC subunits have been described in higher eukaryotes. Here, we report for the first time the existence of a novel MPC subunit termed MPC1-like (MPC1L), which is present uniquely in placental mammals. MPC1L shares high sequence, structural, and topological homology with MPC1. In addition, we provide several lines of evidence to show that MPC1L is functionally equivalent to MPC1: 1) when co-expressed with MPC2, it rescues pyruvate import in a MPC-deleted yeast strain; 2) in mammalian cells, it can associate with MPC2 to form a functional carrier as assessed by bioluminescence resonance energy transfer; 3) in MPC1 depleted mouse embryonic fibroblasts, MPC1L rescues the loss of pyruvate-driven respiration and stabilizes MPC2 expression; and 4) MPC1-and MPC1L-mediated pyruvate imports show similar efficiency. However, we show that MPC1L has a highly specific expression pattern and is localized almost exclusively in testis and more specifically in postmeiotic spermatids and sperm cells. This is in marked contrast to MPC1/MPC2, which are ubiquitously expressed throughout the organism. To date, the biological importance of this alternative MPC complex during spermatogenesis in placental mammals remains unknown. Nevertheless, these findings open up new avenues for investigating the structure-function relationship within the MPC complex.
The metabolic balance between glycolysis and oxidative phosphorylation (OXPHOS) 2 is of crucial importance in determining cell function and fate. Rapidly proliferating cells rely preferentially on glycolysis despite its lower yield of ATP, because glycolytic intermediates efficiently meet the anabolic needs for sustained cell growth. In rapidly dividing cells, this occurs even in the presence of oxygen, a process called aerobic glycolysis, or the Warburg effect (1, 2) . Differentiated cells rely more heavily on OXPHOS to meet the energy demands associated with their specialization. In addition, a shift from glycolytic to oxidative metabolism is necessary for the differentiation process to occur (2) (3) (4) , and conversely, a hallmark of cancer lies in the rewiring of cellular metabolism toward increased glycolytic flux (5) . Pyruvate, the end product of glycolysis, is imported into the mitochondrial matrix where it fuels the TCA cycle and thereby provides electrons and reducing equivalents to the respiratory chain. Pyruvate-derived acetyl-CoA can also be used as an anabolic substrate for the synthesis of lipids and amino acids. Thus, elucidating the molecular mechanisms that determine the intracellular fate of pyruvate is important for understanding the control of cell metabolism and ultimately of cell function and cell fate. Central to this process is the transport of pyruvate from the cytosol to the mitochondrial matrix.
Cytosolic pyruvate is thought to cross the outer mitochondrial membrane through voltage-dependent anion channel/ porin channels (6) and the inner mitochondrial membrane (IMM), through a specific transporter known as the mitochondrial pyruvate carrier (MPC), whose molecular identity has been determined only recently (Refs. 7 and 8; reviewed in Ref. 9 ). The MPC was found to consist of two highly conserved protein subunits encoded in higher eukaryotes by the genes MPC1 and MPC2 (7, 8) . MPC1 and MPC2 are small transmembrane proteins of 109 and 127 amino acids, respectively, in humans, which physically interact with each other and form higher molecular weight complexes (8, 10) , the full composition of which remains to be fully elucidated.
Because the identification of MPC encoding genes, novel genetic models and molecular tools have flourished to study MPC function. A decrease in MPC activity has been shown to perturb whole body glucose homeostasis through effects on glucose-stimulated insulin secretion (11, 12) and gluconeogenesis (13, 14) . In addition, reduced MPC expression (15, 16) and activity (17) (18) (19) has been observed in cancer cells, contributing to the Warburg effect. This favors cell growth and metastasis and promotes the establishment and maintenance of the cancer stem cell compartment (15, 16, 20) .
A detailed characterization of MPC components and how their expression and molecular function is regulated remains incomplete. In prostate cancer cells, the transcription factor COUPTFII inhibits MPC1 expression favoring tumorigenesis (16) , whereas diet-induced obesity and streptozotocin-induced insulin deficiency result in higher expression of MPC subunits (13, 14) and stimulation of pyruvate import (13) . It has also been suggested that acetylation of MPC1 decreases pyruvate-driven oxygen consumption in mammalian cells (21) . Study of the yeast MPC has revealed a switch in subunit composition depending on growth conditions. In fermentative conditions, the complex is composed of MPC1 and MPC2 (MPC FERM ), but in oxidative conditions MPC2 is replaced by the yeast specific MPC3 (MPC OX ), a MPC2 homolog that confers a greater capacity for pyruvate transport (10) . In higher eukaryotes, no additional MPC subunits have been described to date.
In an attempt to obtain a more complete picture of the composition of the MPC in higher eukaryotes, we performed a bioinformatics search for additional putative MPC subunits. We discovered a new MPC gene in placental mammals called MPC1L (MPC1-like). MPC1L does not change pyruvate import efficiency of the MPC, but it is expressed almost exclusively in testis, where it is present only in the postmeiotic germ cells. These cells also show increased expression of MPC2, suggesting an important role for mitochondrial pyruvate import during spermiogenesis and/or for sperm cell function, although the precise role of the variant MPC in these cells has yet to be determined. Our findings demonstrate that the molecular composition of the MPC in placental mammals may be more subtle than was previously anticipated and raise new questions regarding the structure-function relationship within the MPC complex.
Results

MPC1L (MPC1-like) Is a MPC1 Paralog Specific to Placental
Mammals-As part of a search for additional members of the mitochondrial pyruvate carrier (MPC) family, we have used the MPC1 and MPC2 protein sequences from several species as input for an analysis using the tblastn algorithm. This algorithm searches nucleotide databases to identify sequences that encode proteins similar to the input sequence. We identified an MPC1 paralog, MPC1L, on the X chromosome specifically in placental mammals and an additional close homolog of MPC1L (MPC-like protein, Mpclp) on chromosome 2 of the mouse only. In addition, we identified an MPC2 paralog in zebrafish, which was not present in any of the other species tested. This gene was not investigated further. As expected, the MPC3 gene was found in yeast. All new MPC genes identified in this study are listed in Table 1 . Multiple sequence alignment revealed a high degree of conservation between MPC1L orthologs, with the exception of the C termini, which varied both in length and amino acid composition (Fig. 1A) . Pairwise alignments between MPC1 and MPC1L in human and mouse also showed strong sequence similarity (Fig. 1 , B and C) except for a slightly extended C terminus in MPC1L. In addition, a very high conservation was found between Mpc1l and Mpclp in mouse (Fig. 1D) . The RetroGenes track from the UCSC genome browser predicts that Mpc1l (and Mpclp) from mouse are retrotransposed processed pseudogenes because they contain neither splice sites nor introns found in the parental Mpc1 gene. Furthermore, no putative ORF could be found by the BESTORF prediction tool. Nevertheless, we were able to identify manually the MPC1L and MPCLP encoding ORFs, and this, together with the strong conservation of MPC1L protein sequence in placental mammals (Fig. 1A) , strongly suggested to us that the MPC1L and MPCLP genes encode functional protein products.
MPC1L Is Localized in the IMM and Shows Topological Homology with MPC1-To assess MPC1L subcellular localization, we stably expressed human MPC1L fused to a C-terminal Venus tag (MPC1L-Venus) in HeLa cells. Immunofluorescence experiments showed co-localization of MPC1L-Venus with the mitochondrial protein Tom20 (Fig. 2A) . This was confirmed by subcellular fractionation experiments, in which MPC1L-Venus was found in the mitochondria enriched fraction together with mitochondrial HSP70, but not in the cytosolic, lactate dehydrogenase A (LDHA)-rich fraction (Fig. 2B) . MPC1L remained associated with the membrane fraction following alkali treatment (Fig. 2C ), indicating that it is an integral membrane protein. Furthermore, the proteinase K accessibility assay showed that MPC1L is degraded only after swelling and rupture of the outer membrane (Fig. 2D) . These results indicate that MPC1L is an integral IMM protein, as was previously shown for MPC1 (7) . In Saccharomyces cerevisiae, MPC1 is inserted in the IMM via two transmembrane segments, whereas the functionally redundant MPC2 and MPC3 subunits possess three transmembrane segments (10) . We reasoned that a topological similarity between MPC1 and MPC1L in placental mammals would suggest a functional similarity between these two proteins. We therefore performed in silico prediction of transmembrane segments by applying two different prediction methods to the protein sequences of human MPC1, MPC1L and MPC2 (data not shown). The TopPred algorithm identified two transmembrane domains in both MPC1 and MPC1L and three in MPC2. The TMHMM algorithm also identified two transmembrane seg- 
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P.troglodytes_MPC1L ments in MPC1L, but for MPC1 and MPC2, the posterior probabilities (22) for the putative transmembrane segments did not pass the TMHMM threshold (data not shown). Nevertheless, posterior probabilities were elevated in these regions, fully compatible with the results from TopPred. We tested these predictions experimentally using an assay that relies on the observation that the fluorescence of C-terminal Venus fusion proteins is quenched in the presence of trypan blue (23, 24) . In live, digitonin-permeabilized cells, trypan blue can cross the outer mitochondrial membrane but not the digitonin-insensitive IMM. The decrease in fluorescence intensity for a given construct thus reflects the accessibility of the C-terminal Venus tag to trypan blue, providing insight into the topological orientation of transmembrane proteins. In control experiments we compared constructs in which Venus was localized either in the mitochondrial matrix (Mx-Venus) or in the intermembrane space (IMS-Venus). As shown in Fig. 2E , IMS-Venus was strongly quenched compared with Mx-Venus, showing that the assay performed as expected. Analysis using the MPC constructs showed that the MPC2-Venus fluorescence was quenched to the same extent as IMS-Venus, indicating that the C terminus of MPC2 is exposed to the IMS. In contrast, both MPC1-Venus and MPC1L-Venus behaved like Mx-Venus, indicating that their C termini are present on the matrix side of the IMM (Fig. 2E ). Based on these results, our model of the topology of human MPC subunits is summarized in Fig. 2F . The model is in accordance with the previously published topological analysis of MPC subunits in budding yeast Black arrowhead, full-length MPC1L-Venus; white arrowhead, Venus-containing fragment resistant to endogenous degradation. C, alkali treatment of the mitochondria-rich fraction shown in B followed by ultracentrifugation and Western blotting reveals that MPC1L-Venus, similar to MPC1, is an integral membrane protein (pellet), whereas the mitochondrial matrix protein HSP70 is found in the soluble fraction (sol.). Note that the C-terminal Venus-containing fragment is soluble (white arrowhead). D, proteinase K (prot. K) accessibility assay in which the mitochondria-rich fraction from HeLa cells expressing MPC1L-Venus was treated as indicated. Each sample was then subjected to SDS-PAGE and Western blotting using antibodies directed against Tom20 (outer mitochondrial membrane), Smac (intermembrane space), mHSP70 (matrix), and Venus. The fulllength MPC1L-Venus (black arrowhead) is fully sensitized to digestion only after swelling of the outer membrane, indicating its localization in the inner membrane, whereas the soluble Venus-containing fragment (white arrowhead) accumulates in the matrix because it becomes accessible to proteinase K only upon treatment with detergent. The Venus tag appears resistant to full proteolytic digestion even in the presence of Triton X-100 (gray arrowhead). Note that after digestion, residual MPC1L-Venus fragments can only be detected by the anti-Venus antibody if they contain the C-terminal, Venus-fused region. E, Trypan blue quenching experiment performed on HeLa cells stably expressing the indicated constructs. The fluorescence remaining after quenching by trypan blue is shown relative to Matrix-Venus (Mx-Venus) indicated by the dashed line. ****, p Ͻ 0.0001, one-way analysis of variance. The pronounced quenching of the fluorescence compared with Mx-Venus indicates accessibility of the C-terminal Venus to the intermembrane space (IMS). n Ն 3 cells were quantified per experiment, and results are from three independent experiments. The data are means Ϯ S.E. F, model of MPC1, MPC1L, and MPC2 transmembrane topology based on our results.
(10). Together, our data indicate that MPC1L is inserted in the IMM, where it shares structural and topological similarity with MPC1. MPC1L Can Replace MPC1 to Form a Functional MPC-To determine whether MPC1L is a functional MPC subunit, we used a complementation assay in a yeast strain lacking all MPC subunits (mpc1⌬/mpc2⌬/mpc3⌬). This strain fails to grow on synthetic medium lacking branched chain amino acids, for which mitochondrial pyruvate is an essential precursor in yeast (7, 8, 10) . It was shown previously that this growth defect can be rescued by co-expression of the mouse MPC1 and MPC2 orthologs (7), and we have confirmed these results using human MPC1 and MPC2 (Fig. 3A) . Furthermore, whereas expression of neither human MPC1L nor MPC2 alone was sufficient to rescue growth of the MPC lacking yeast, co-expression of MPC1L and MPC2 restored cell growth to a level similar to that seen following co-expression of MPC1 and MPC2. We conclude that MPC1L can substitute for MPC1 to form a functional MPC complex.
To confirm that MPC1L associates physically with MPC2, we took advantage of the bioluminescence resonance energy transfer (BRET) assay that we have recently developed to monitor the activity of the MPC in real time (17) . In the earlier study, either MPC1 or MPC2 (from human origin) was fused to a BRET donor (Renilla luciferase, RLuc8), and co-expressed with the corresponding complementary subunit fused to Venus, the BRET acceptor. In both configurations, a specific BRET signal was observed, indicative of heteromerization between MPC1 and MPC2. Homomerization of MPC2, but not of MPC1, was also observed. To study the activity of MPC1L, we first generated the MPC1L-RLuc8 fusion construct as the donor molecule. In co-expression studies, an increase in the BRET signal could be observed only in the presence of MPC2-Venus, but not in the presence of MPC1L-Venus or the empty vector (Fig. 3B,  left panel) . In the complementary experiment, MPC2-RLuc8 was used as a donor, and the increase in BRET was obtained when either MPC1-Venus or MPC1L-Venus was co-expressed as the acceptor (Fig. 3B, right panel) . The BRET signal indicates close proximity of the C-terminal tags and thus demonstrates that MPC1L is able to interact physically with MPC2.
To study the functionality of the MPC1L/MPC2 complex, we have followed the changes in the BRET signal in the presence of pyruvate. We concluded previously that binding of pyruvate to the MPC followed by pyruvate transport across the IMM leads to conformational changes in the MPC1/MPC2 heteromers, which result in a change in BRET intensity and which allow us to monitor the pyruvate import activity of the MPC in real time (17) . To determine the activity of the MPC1L/MPC2 heteromers in this assay, we performed time course experiments using cells co-transfected with MPC1L-RLuc8/MPC2-Venus, MPC2-RLuc8/MPC1L-Venus, or the positive control plasmids MPC2-RLuc8/MPC1-Venus (Fig. 3C) . For each combination, addition of pyruvate elicited a rapid and stable increase in BRET relative to the PBS control. Thus, the BRET data for the MPC1L/MPC2 complex in the presence of pyruvate further indicate that this complex, similar to the canonical MPC1/MPC2 complex, is competent for pyruvate import.
To confirm that MPC1L can sustain pyruvate import into mammalian mitochondria, we took advantage of previously described MPC-deficient mouse embryonic fibroblasts (MEFs) in which MPC1 expression had been ablated using a gene trap strategy (17, 25) . These cells display no detectable MPC1 by Western blotting analysis (Fig. 3D) . Furthermore, the MPC2 protein was also undetectable, despite the presence of its mRNA (25) , presumably because MPC2 is degraded in the absence of MPC1. Interestingly, Western blots using our inhouse antibody against the C terminus of mouse MPC1L, showed no compensatory expression of the endogenous MPC1L protein in the mitochondria-rich fraction from these cells (Fig. 3D) . Because, as we showed previously, the Mpc1 KO MEFs display no residual mitochondrial pyruvate import activity (25), they provide an useful platform to evaluate the function of MPC1L. Rescued cell lines were generated from the parental Mpc1 KO MEFs by lentiviral transduction with C-terminally FLAG-tagged MPC1, MPC1L, or MPCLP or with a GFP negative control. All FLAG-tagged constructs were expressed at comparable levels as assessed by Western blotting and stable constitutive expression of MPC1, MPC1L, or MPCLP, but not GFP, was found to rescue MPC2 expression (Fig. 3D) , suggesting that in these cells, stable MPC2-containing MPC complexes were formed. To assess the functionality of the MPC1L-or MPCLP-containing MPC complexes, we performed respirometry experiments on permeabilized cells using a Seahorse flux analyzer. Mpc1 KO and GFP-rescued cells showed a basal level of pyruvate-driven carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone-stimulated oxygen consumption rates, whereas this parameter was significantly increased following expression of MPC1, MPC1L, or MPCLP (Fig. 3, E and F) . Taken together, the data presented in Fig. 3 demonstrate that the protein products from the MPC1L and MPCLP genes are able to interact dynamically with MPC2 to form fully functional MPC complexes capable of driving mitochondrial pyruvate import.
MPC1-and MPC1L-containing MPCs Display Similar Pyruvate Import Efficiency-We next asked whether the physiological relevance for the existence of alternative MPC complexes in placental mammals lies in possible differences in pyruvate import efficiency, similar to that reported in yeast (10) . The respirometry experiments shown in Fig. 3 (E and F) were performed in the presence of excess pyruvate (10 mM), far exceeding the physiological pyruvate concentration in the cytosol (10 -100 M) (26, 27), which could mask some possible differences in pyruvate import efficiency of the alternative MPC complexes. To compare the relative efficiency of pyruvate import in the MPC1 or MPC1L rescued MEFs, we conducted a respirometry experiment in the presence of increasing concentrations of pyruvate (Fig. 4A) . At all concentrations of pyruvate, the carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazonedriven respiration was similar between the two rescued cell lines. In a further experiment, we measured the pyruvate decarboxylation rate in the parental MPC1 KO MEFs, compared with the GFP-, MPC1-, MPC1L-, and MPCLP-rescued cells, reasoning that differences in pyruvate import efficiency would be reflected in the levels of mitochondrial pyruvate-derived CO 2 after decarboxylation to acetyl-CoA by pyruvate dehydrogenase. We therefore quantified the 14 CO 2 released after import of 1-[ 14 C]pyruvate and decarboxylation by pyruvate dehydrogenase, and we observed that MPC1L-and MPCLP-expressing cells displayed pyruvate decarboxylation rates that were indistinguishable from the values obtained using the MPC1-expressing cells (Fig. 4B ). All three cell lines exhibited pyruvate decarboxylation rates that were well in excess of the basal rates seen in the MPC1 KO and GFP-rescued cells. In conclusion, these results indicate that no difference in mitochondrial pyru- The data are means Ϯ S.E., n ϭ 3 with three technical replicates per condition per experiment. D, Western blotting analysis of the total and mitochondria-enriched fractions (mito) from parental MPC1 KO MEFs either alone or following rescue with mMPC1-FLAG, mMPC1L-FLAG, mMPCLP-FLAG, or GFP. Western blots were probed using the antibodies indicated. The arrow indicates the theoretical size of untagged MPC1L. E, representative profiles of oxygen consumption rates (OCR) in the XF-PMP permeabilized cell lines indicated, in the presence of pyruvate/malate (10 mM/1 mM) as carbon sources. The following compounds were injected at the times indicated by dashed lines. fCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (2 M); succ./rot., succinate/rotenone, 10 mM/1 M; anti. A, antimycin A, 1 M. All measurements were done in the presence of oligomycin (oligo., 1 M) to inhibit ATP-linked respiration. The data are means Ϯ S.D., n ϭ 3. F, absolute increase in oxygen consumption rate after addition of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone relative to oligomycin condition observed in E; the data are means Ϯ S.E.; n ϭ 3. ****, p Ͻ 0.0001 (one-way analysis of variance). vate import activity exists between different MPC complexes from placental mammals.
MPC1L and MPCLP Are Specifically Expressed in Adult Reproductive
Tissues-To investigate whether alternative MPC complexes could have different tissue expression patterns, we took advantage of previously published and publicly available proteomics analyses. An overview of the relative expression levels of MPC1, MPC1L, and MPC2 in several fetal and adult tissues and cells types from human origin was obtained using the Human Proteome Map repository (28) . As previously shown, MPC1 and MPC2 expression is ubiquitous and especially high in adult heart, liver, and kidney (Fig. 5A) . On the other hand, MPC1L was found only in fetal heart and adult gonads, with the most prominent expression being observed in testis. The second data set we interrogated contains the mitochondrial proteomics data from 14 different mouse tissues (29) . This data set confirmed the ubiquitous expression of MPC1 and MPC2 and revealed that despite the high levels of MPC2 in testis mitochondria, this tissue showed the lowest abundance of MPC1 (Fig. 5B ). Fully consistent with our first analysis, this correlated with high testis-specific expression of MPC1L and MPCLP, both of which could be distinguished by unique peptides (Fig. 5C ) despite their high sequence similarity (Fig.  1D) . Western blotting analysis of various mouse tissues essentially confirmed the ubiquitous expression of MPC1 and MPC2 (Fig. 5D) , whereas MPC1L was detected only in testis and in a sperm cell lysate, but not in ovary, pointing to a specific function of this alternative MPC subunit in testis, possibly in male gametes.
In Testis, MPC1L Is Expressed in Haploid Germ Cells-To obtain further insight into the possible physiological relevance of the testis-specific expression of the alternative MPC complex, we extended our investigation to a more detailed analysis of testicular cells types. We first used a previously published RNA-sequencing (RNA-seq) data set from mouse germ cells at different stages of spermatogenesis (30). The relative mRNA expression level for Mpc1, Mpc1l and Mpc2 in germ cells at the indicated stage of spermatogenesis is shown in Fig. 6A (no data were available for Mpclp). The level of Mpc1 expression appears to remain quite stable throughout spermatogenesis, although a progressive decrease from diploid preleptotene spermatocytes toward haploid spermatids was observed. Intriguingly, Mpc1l expression was restricted exclusively to the round and elongated haploid spermatids, as they undergo differentiation toward mature sperm cells (spermiogenesis). Mpc2 expression was ubiquitous, and particularly prominent in spermatids, suggesting that a progressive increase in total level of MPC complexes occurs during spermiogenesis.
Immunofluorescence results using mouse testis cryosections confirmed the RNA-seq data (Fig. 6A) . All cell types stained positively for MPC1 and MPC2 (Fig. 6, B and C) , including the differentiating sperm cells, which possess a mitochondria-rich mid-piece. In contrast, MPC1L was expressed at very high levels in the mid-piece of sperm cells, whereas expression in round spermatids (see DAPI staining, round nuclei with a large heterochromatic chromocenter) (31) was only seen following longer exposure (Figs. 6, D and E, and 7B ). This was confirmed by a co-staining with the acrosomal matrix protein SP56 (32), because cells containing a premature acrosome as well as a heterochromatic chromocenter were positive for MPC1L staining (Fig. 6F) . Spermatocytes (synaptonemal complex protein 3 (Sycp3)-positive cells) and other cell types apart from spermatids and sperm cells were all MPC1L-negative, in full agreement with the RNA-seq data (Fig. 6A) . The increasing levels of MPC1L observed during spermiogenesis were not a result of an overall increase in mitochondrial protein content, because spermatids and sperm cells were not particularly enriched for either the outer membrane protein Tom20 or the inner membrane protein Cox IV (Fig. 7, A and B) . Co-localization between Cox IV and MPC1L confirmed the mitochondrial localization of MPC1L in round spermatids (Fig. 7B) , as well as in the midpiece of sperm cells (Fig. 7C) .
Discussion
The present study describes for the first time a placental mammal-specific alternative MPC1 subunit of the mitochondrial pyruvate carrier, termed MPC1-like (MPC1L). Our results demonstrate a preferred expression of MPC1L during spermiogenesis (Fig. 6) , whereas mass spectrometry data indicate some expression of MPC1L in human fetal heart and adult ovary (Fig. 5) , although this awaits further confirmation. Indeed, the current version of the EMBL Expression Atlas reports no expression of the MPC1L gene in human ovary. We cannot exclude that expression of this alternate MPC subunit might occur in other tissues under particular physiological and pathological conditions. Thus, this discovery should be taken into account in future studies focusing on MPC function in placental mammals.
In yeast, two alternative complexes have been described that accommodate MPC efficiency to cellular metabolism (10) . In contrast, the two alternative MPC complexes from placental mammals have similar pyruvate import activities (Fig. 4) , which is well supported by the fact that the two alternative subunits, MPC1 and MPC1L, are similar in amino acid sequence (Fig. 1, B and C), membrane topology (Fig. 2) and in their ability to form a functional complex with MPC2 (Fig. 3) . We suggest that this additional carrier may allow better spatiotemporal regulation of MPC function, which might have functional implications during spermatogenesis or for sperm cell function, but clarification of its role will require further experimentation.
The transcriptome of germ cells varies greatly during the course of spermatogenesis (30, 33) , indicating that transcriptional regulation is crucial for spermatogenesis to ensure the availability of appropriate precursor pools, progression of meiosis, and differentiation of haploid cells into fully mature spermatozoa. As part of this process, MPC1L and MPC2 levels increase during spermiogenesis (Fig. 6 ), indicating that a high expression of the MPC might be of major importance for sperm cell differentiation and/or function. We speculate that the rather constant MPC1 expression levels in the germ cell lineage during spermatogenesis (Fig. 6) might not be sufficient to meet the demand in MPC subunits, at least in placental mammals. An evolutionary solution to this problem might be the appearance of the novel MPC1L retrogene. Transcription of newly emerged retrogenes is facilitated in spermatids (33) , and MPC1L possesses key features of retrogenes, because it is intronless, predicted as a retrotransposed copy by the RetroGenes track from the UCSC Genome Browser, and encodes a functional protein product (Figs. 3 and 4) . In this regard, the localization of the Mpc1l gene on the X chromosome is particularly interesting and consistent with the observation that there is a preferred accumulation of male-specific and spermatogenesis genes on this sex chromosome (34 -36) . This is especially remarkable in the case of Mpc1l, the maximal expression of which occurs during the postmeiotic period, when 87% of the genes located on the X chromosome are transcriptionally inactive in mouse males (37) . MPC1L can thus be added to the group of X chromosome-located, testis-specific, and spermatogenic genes described by Stouffs and Lissens (35) . Many of these genes are the subject of a particular focus in the context of male infertility and the specific pattern of MPCL1 expression, suggesting a role in spermiogenesis and/or function of spermatozoa may also implicate MPC1L dysfunction in male infertility.
What could be the importance of MPC1L expression for sperm cell differentiation and/or function? OXPHOS is thought to be crucial for differentiation (2) . Postmeiotic male germ cells might benefit from the high potential for MPC activity provided by the elevated MPC1L and MPC2 expression. This could reflect energy substrate availability, because germ cells in the luminal compartment of seminiferous tubules are believed to rely mainly on the breakdown of lactate and pyruvate provided by Sertoli cells (38, 39) . Independently of OXPHOS, pyruvate import into mitochondria may serve the anabolic needs of spermiogenesis, for instance for gluconeogenesis that has been suggested to occur in round spermatids in rats (40) or as a source of Acetyl-CoA for histone acetylation (41, 42), a necessary step for the massive compaction of chromatin that occurs during spermiogenesis (43) . Development of reliable in vitro models of spermatogenesis will be important in the future to allow the meticulous examination of metabolic fluxes and their role in the various spermatogenic cell types.
Why mitochondrial function is important in sperm cells is not well understood, but it is established that the functionality of this organelle is correlated with sperm quality and fertility (39, 44) . A high mitochondrial membrane potential appears correlated with sperm cell motility and fertilization capability (39, 45) . However, we did not observe any effect of MPC inhibitors on sperm motility (data not shown), consistent with the consensus view that glycolysis is the main source of energy for flagellar movement despite a possible contribution of OXPHOS. Nevertheless, mitochondria-derived ATP might also be needed for hyperactivation, capacitation, and the acrosome reaction (39, 44) ; whether the MPC plays any role in these processes remains to be established.
In conclusion, we report the existence in placental mammals of a novel MPC subunit, MPC1L, which is specifically expressed in postmeiotic male germ cells and which has a similar mitochondrial pyruvate import activity compared with the canonical MPC1 subunit. These results provide a more complete picture of the changing composition of the MPC, which is a central node in intermediary metabolism. We also describe for the first time the expression pattern of MPC subunits during spermatogenesis and open the way to further investigation of the physiological relevance of pyruvate metabolism during this process.
Experimental Procedures
Animal Authorizations-Mice were euthanized by CO 2 inhalation. All experimental procedures were performed according to guidelines provided by the Animal Welfare Act and Animal Welfare Ordinance, the Rectors' Conference of the Swiss Universities policy, and the Swiss Academy of Medical Sciences/ Swiss Academy of Sciences' Ethical Principles and Guidelines for Experiments on Animals, and were approved by the Geneva Cantonal Veterinary Authority (authorization numbers 1027/ 3907/1 and GE- .
Antibodies and Reagents-Primary antibodies used in this study were Tom20 (sc-11415; Santa Cruz Biotechnology), MPC1 (HPA045119; Sigma), MPC2 (mouse monoclonal, homemade, available for purchase; AG-20B-0071-C100; AdipoGen Life Sciences), mouse MPC1L (rabbit polyclonal, homemade; Covalab), GFP (11814460001; Roche; cross-reacts with Venus), FLAG M2 (F1804; Sigma), LDHA (3582S; Cell Signaling), mHSP70 (MA3-028; Thermo Scientific), Smac (2409; ProSci), ␤-tubulin (T4026; Sigma), CoxIV (459600; Thermo Scientific), Sycp3 (97672; Abcam), and SP56 (55101; QED Bioscience). The MPC1L rabbit polyclonal antibody has been generated by four consecutive injections of immunizing peptide and adjuvant. The C-terminal peptide of mouse MPC1L (FLKHQYGGGAK-AKATNPPAK) was used. Immunopurification was performed on a Sepharose column coupled to the antigen. The MPC2 mouse monoclonal antibody was raised against an internal region of MPC2 from human origin (ARPAEKLSTA), that cross-reacts with mouse MPC2. The supernatant from hybridoma cells was desalted on a PD-10 column, and fractions with absorbance at 280 nm were then purified on a protein G-coupled Sepharose column. The specificity of the antibodies was tested by ELISA and by comparing immunostaining and Western blotting signals in control and mMPC1L-FLAG-and hMPC2-HA-overexpressing cells. Specificity of the mMPC1L antibody was also verified using excess immunizing peptide to block antibody binding during immunofluorescence on mouse testis cryosections. Secondary antibodies were: Alexa 488-, Alexa 594-(Thermo Scientific), or HRP-coupled (Dako) antibodies against rabbit or mouse immunoglobulins. M2 medium was obtained from Sigma-Aldrich.
Molecular Cloning-The MPC1L-Venus and MPC1L-RLuc8 constructs were obtained by assembling the PCR-amplified human MPC1L coding sequence (obtained from HEK293T cells genomic DNA) upstream of the PCR-amplified coding sequences of Venus or RLuc8. Fusion products were inserted between the BamHI/SalI sites of the pWPT vector. All manipulations were performed using Gibson assembly (New England Biolabs). For hMPC1 HA , hMPC1L HA , and hMPC2 FLAG constructs, the HA or FLAG tag was added to the C termini during PCR amplification of the corresponding coding sequence (hMPC1L: wild-type coding sequence; hMPC1 and hMPC2: codon optimized coding sequence). The PCR products were then inserted into pRS313 (hMPC1 HA and hMPC1L HA ) or pRS316 (hMPC2 FLAG ) using the BamHI and NotI restriction sites for expression under control of the GPD promoter. The mMPC1-FLAG sequence was obtained by adding the FLAG tag sequence downstream of the mouse MPC1 coding sequence by PCR mutagenesis. mMPC1L-FLAG and mMPCLP-FLAG (Cterminal FLAG tag) coding sequences were ordered as gBlocks gene fragments (Integrated DNA Technologies). Inserts containing the mMPC1-FLAG, mMPC1L-FLAG and mMPCLP-FLAG coding sequences were then introduced into the BamHI/ SalI sites of pWPT using Gibson assembly. Generation of the MPC1-Venus, MPC2-Venus, MPC2-RLuc8, and matrix or intermembrane space localized Venus (Mx-Venus and IMSVenus, respectively) encoding constructs were described previously (17) . Phusion polymerase (New England Biolabs) was used for all PCRs, and all constructs were sequence-validated (Fasteris).
Isolation of Mitochondria-rich Fraction, Alkali Treatment, Proteinase K Accessibility Test, and Western Blotting-Cell fractionation was performed in MB buffer (210 mM mannitol, 70 mM sucrose, 10 mM HEPES-KOH, pH 7.4, 1 mM EDTA) using a glass homogenizer. Nuclei and cell debris were removed by centrifugation for 5 min at 2,000 ϫ g, and a mitochondriaenriched fraction was separated form cytosolic proteins by centrifugation at 13,000 ϫ g for 10 min. For alkali treatment, an aliquot of the mitochondria-rich fraction was treated with 100 mM Na 2 CO 3 (pH 11.5) on ice for 20 min. Soluble and integral membrane proteins were separated by ultracentrifugation at 100,000 ϫ g for 30 min. Cytosolic proteins and soluble mitochondrial proteins were submitted to chloroform-methanol precipitation before SDS-PAGE and Western blotting as described elsewhere (25) . The proteinase K accessibility test was performed as described previously (46) .
Preparation of Lysates from Mouse Tissues and Sperm
CellsBriefly, after dissection, tissues from adult C57bl/6 mouse were rinsed in PBS and then transferred to a prechilled homogenization tube with 300 -500 l of tissue lysis buffer (10 mM Tris, pH 8, 1% Triton X-100, 2 mM EDTA, 13 mM NaCl, protease inhibitor mixture (Roche)). Preset program 5 from the Dispomix Homogenyzer was used for tissue homogenization. The lysate was then spun down 1 min at 1,000 rpm in a microcentrifuge before sonication in a water bath (15 min, 30-s cycles). After 30 min of centrifugation at 13,000 rpm, the supernatant was recovered, and the protein content was quantified using the Bio-Rad protein assay. All steps were performed at 4°C. SDS sample buffer containing 5% ␤-mercaptoethanol was added to the samples before separation by SDS-PAGE and transfer to nitrocellulose membranes. For the sperm cell lysates, mouse sperm were obtained by manual trituration of caudae epididymides from adult CD1 mice and allowed to swim in M2 medium for 10 min. After swimming, sperm cells were collected by centrifugation, washed in 1 ml of PBS, resuspended in SDS sample buffer, and boiled for 5 min. Lysates were centrifuged, 5% ␤-mercaptoethanol was added to the supernatants, and the mixture was boiled again for 5 min prior to analysis by SDS-PAGE.
Cell Culture and Viral Production-All cultured cells were mycoplasma-free. Generation of immortalized MPC1 KO MEFs was described previously (25) . HEK293T, HeLa, and MEFs cell lines were cultured in DMEM containing 4.5 g/liter glucose, 2 mM glutamine, 10% FBS, and 1% penicillin/streptomycin (Invitrogen). For lentiviral particle production, pWPT plasmid containing the sequence of interest was co-transfected with the viral plasmids psPAX2 and pMD2G (Addgene) into HEK293T cells. After 48 h, the supernatant was collected, centrifuged at 3,000 rpm for 5 min, filtered (polyethersulfone glass, 0.45-m pores), and used to infect HeLa cells or MPC1 KO MEFs.
Yeast Strains and Culture-Generation of the mpc1⌬/ mpc2⌬/mpc3⌬ strain (MATa ura3⌬0 his3⌬1 mpc1::KanR mpc2::hph mpc3::NatR) from the wild-type RL285-16C requiring uracil and histidine (his ura) was described previously (7). This strain was co-transformed with two plasmids (pRS313 and pRS316), either empty or expressing the indicated MPC subunits, and cultured in SD medium containing all amino acids except histidine and uracil, which were omitted for plasmid maintenance. Where indicated, the branched chain amino acids leucine and valine were also omitted. For spot assays, overnight cultures of the indicated strains were grown in the appropriate medium and diluted to an A 600 of 0.2. Serial 5-fold dilutions were spotted on plates with the appropriate medium and grown for 2 days at 30°C.
Bioluminescence Resonance Energy Transfer (BRET) Analysis-BRET kinetic experiments were performed as previously described (17) in HEK293T cells transfected 48 h prior to the experiment with MPC1L-RLuc8 ϩ MPC2-Venus, MPC2-RLuc8 ϩ MPC1L-Venus, or MPC2-RLuc8 ϩ MPC1-Venus. The cells seeded in 96-well plates (Greiner Bio-One, Ref. 655098) were washed with PBS (supplemented with 1 mM CaCl 2 and 0.5 mM MgCl 2 ), and measurements were performed 5 min after addition of 5 mM coelenterazine h substrate (Invitrogen). Two filter settings were used for signal detection (RLuc8 filter, 460 Ϯ 40 nm; and Venus filter, 528 Ϯ 20 nm) at 37°C using the Synergy 2 plate reader (Biotek). The BRET value was defined as the difference between the emission at 528 nm/460 nm of co-transfected RLuc8 and Venus MPC fusion proteins and the emission at 528 nm/460 nm of the RLuc8 fusion alone (MPC2-RLuc8 or MPC1L-RLuc8). Where indicated, PBS, pyruvate (5 mM), or UK5099 (10 M) was injected in the wells. For spectral scanning, 5 min after addition of 5 mM coelenterazine h, the luminescence intensity was measured every 2 nm from 350 to 650 nm at 37°C using the Synergy 2 plate reader equipped with a monochromator.
Oxygen Consumption-Oxygen consumption rate in MEFs permeabilized with 1 nM XF-PMP was measured using the Seahorse XF e 24 Flux Analyzer (Seahorse Biosciences) as described previously (25) . Variable pyruvate concentrations were used for the experiment shown in Fig. 4A .
Pyruvate Decarboxylation Assay-Pyruvate decarboxylation assay was performed essentially as described elsewhere (47) . A piece of chromatography paper (0.6 ϫ 1 cm) was put on top of microbridges (Hampton Research) fitted in wells of a 24-well plate. The assay medium was composed of DMEM containing 10% FCS, 4 mM glutamine, and 6 mM sodium pyruvate supplemented with 0.3 Ci/ml of [1- 14 C]pyruvate (PerkinElmer). To remove any 14 CO 2 produced from spontaneous decarboxylation, the assay medium was warmed to 37°C for 2 h, and then an aliquot was used to quantify radioactivity in a scintillation counter. This allowed us to determine the specific activity of pyruvate (assuming a pyruvate concentration of 6 mM), which ranged from 60 to 100 CPM/nmol pyruvate. 1 million cells/well were suspended in 350 l of assay medium on ice, and each chromatography paper was moistened with 30 l of 2 N NaOH. After sealing the plate with adhesive film to avoid contamination of 14 CO 2 between wells, the plate was placed in a 37°C water bath to start pyruvate metabolism. 15 min later, 50 l of 20% trichloroacetic acid was added to each cell suspension to terminate metabolism. After resealing, the plate was put back at 37°C for 1 h to allow complete release of 14 CO 2 . Chromatography papers containing 14 CO 2 were then collected for scintillation counting. Pyruvate oxidation rates (expressed as nmol/10 6 cells/h) were extrapolated from the total specific activity in the reaction. Background levels of 14 CO 2 were obtained from wells containing assay medium without cells and subtracted from the values obtained from cell-containing wells.
Immunofluorescence-For immunofluorescence using HeLa cells, the cells were grown on glass coverslips and fixed in 4% paraformaldehyde with 4% sucrose in PBS for 10 min. After permeabilization in 0.15% Triton X-100 for 5 min and blocking in 5% normal goat serum for 30 min, the cells were incubated with primary antibody for 2 h, rinsed in PBS, and incubated with secondary antibody for 1 h. The nuclei were stained with DAPI, and the coverslips were mounted on microscope slides. All steps were performed at room temperature. For immunofluorescence on mouse testis sections, testes from adult CD1 mice were fixed overnight in 4% paraformaldehyde in PBS and cryoprotected in 20% sucrose in PBS for at least 48 h. 10-m cryosections were placed on SuperFrost Plus glass slides, dried, and conserved at Ϫ80°C. Cryosections were then thawed, rehydrated in PBS, and heat-mediated antigen retrieval was performed in citrate buffer (0.01 M sodium citrate, pH 6). After 20 min of permeabilization in 0.1% Triton X-100 in PBS, nonspecific sites were blocked by incubation for 30 min in blocking buffer (3% bovine serum albumin, 0.1% Tween 20 in PBS) before primary antibody incubation overnight at 4°C in block-ing buffer. After rinsing and secondary antibody incubation for 1 h at room temperature, sections were counterstained with DAPI and mounted in glycerol mounting medium. Fluorescence images were captured with a Zeiss LSM700 confocal microscope equipped with a 63ϫ oil objective. Z-stack images (0.2-or 0.4-m steps for cultured cells or sections, respectively) were acquired, before image processing (including uniform contrast enhancement) and creation of stack projections using the Fiji software (based on ImageJ).
Trypan Blue Quenching Experiment-HeLa cells plated in MatTek 35-mm glass-bottomed dishes were treated for 1 min with 50 M digitonin in intracellular buffer (130 mM KCl, 10 mM NaCl, 2 mM K 2 HPO 4 , 1 mM MgCl 2 , 20 mM HEPES, pH 7, at 37°C) to permeabilize the plasma membrane and the outer mitochondrial membrane. After rinsing, Z-stack images (0.5-m steps) of the cells were obtained every 30 s with a spinning disc confocal microscope, before and after addition of 0.01% trypan blue. For each cell and for each time point, fluorescence intensity in the best focus image was measured using the ImageJ software. The remaining fluorescence after addition of trypan blue was calculated and expressed as a fraction of the remaining fluorescence in the Mx-Venus condition. Live cells imaging was performed with a spinning disc confocal system (Intelligent Imaging Innovations Marianas SDC) mounted on an inverted microscope (Leica DMIRE2), equipped with a 63ϫ glycerin objective and an emCCD Evolve 512 camera (Photometrics).
Sequence Alignments and Statistical Analysis-Pairwise sequence alignments were performed using EMBOSS Needle, and multiple sequence alignments were performed using ClustalOmega. Jalview was used for formatting the sequence alignments with the Clustal X color setting. Unpaired t test was used to analyze the data from trypan blue quenching experiments. For the oxygen consumption and pyruvate decarboxylation experiments, oneway analysis of variance was performed. All statistical analyses were done using the GraphPad PRISM software.
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